The transcriptional regulation of a win2-j6-glucuronidase gene fusion in transgenic potato (Solanum tuberosum) plants by wounding and ethylene has been analyzed. In common with other genes that are expressed in response to mechanical or chemical stress, win2 is transcribed at the site of injury and also in distant undamaged parts of the wounded plant. Similar kinetics of induction and patterns of transcription were observed in response to mechanical, wounding, elicitor, or arachidonic acid application. Experiments involving the use of chemicals that inhibited ethylene action, and those that increased ethylene production, showed that local induction of win2 transcription did not have an absolute requirement for ethylene, but ethylene was necessary for high levels of expression. In contrast, systemic expression of win2 required both a putative wound signal and ethylene. Ethylene alone had no direct effect on win2 gene expression in the absence of wounding.
In higher plants, both mechanical and biological stress cause a large number of biochemical changes in the wounded plant. Proteins that are thought to provide protection against further trauma are rapidly synthesized after infection.
The wound respond is very complex as many of these genes can exhibit differences in the magnitude and timing of induction in response to different conditions of stress. For example, PAL,3 CHS, or HRGPs show a delayed and weaker accumulation in leaves infected with a compatible pathogen than in leaves infected with an incompatible pathogen (3) . In addition, many genes involved in defence responses are part of multigene families, and the different transcripts encoded by these genes accumulate in response to different stresses. For example, different members of the gene family encoding HRGP exhibit different patterns of accumulation in response to fungal elicitor, wounding, or infection (8) . In potato, genes encoding wini and win2 (wound-induced) are differentially activated in different organs in response to mechanical wounding (31, 32) . There can also be a difference in the spatial pattern of expression of these genes in response to ' This work was supported by a grant from the Gatsby Charitable Foundation. 2 Supported by a Training Fellowship ofthe European Community.
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943 wounding and infection. Increased gene transcription is not only observed at the wounded site in response to stress, but also in distant undamaged tissue, indicating intercellular transmission of an endogenous signal(s) for defence gene activation. Enzymes and/or their corresponding mRNA that are known to accumulate systemically include proteinase inhibitors (25) , chitinase (28) , PAL, CHS, and HRGP (15) , and proteins of an unknown function encoded by the genes win6 and win8 in poplar trees (24) . Very little is known about signals that induce the systemic response. It has been proposed that cell-wall fragments produced at the local wound site form the systemic signal transported around the plant because oligossacharides are able to elicit most of the stress responses (reviewed in ref. 26 ). Another current concept is that one or more of the plant hormones play at least a part in the signaling process. PefiaCortes et al. (26) have shown that ABA is necessary for the local and systemic induction of PIII in potato and tomato and that ABA may act as a signal for the systemic accumulation of PIII. Wounding and pathogen infection generally increase ethylene production in plants (23) and exogenously supplied ethylene has been found to enhance the accumulation of proteins associated with defense reactions (7, 17) . Furthermore, ethylene has been shown to transcriptionally regulate a number of plant genes including PAL, HRGP, and CHS (10) . However, it was found that inhibition of stress ethylene accumulation by treatment with an inhibitor of ethylene production allowed induction of the various stress responses following the application of fungal elicitors, and it was concluded that ethylene was not acting as an endogenous elicitor (20, 23) .
To clarify the role of ethylene in the transcriptional regulation of genes during the wound response, we have studied the expression of a member of the win gene family of potato which has been characterized at the sequence and RNA level (27) . Win2 encodes a chitin-binding protein of 20 kD, different from the so-called potato lectin (1) and the potato agglutinin (16) (C. Weiss, M. Bevan, unpublished results) and is thought to be involved in plant defense as its transcription is induced not only by wounding but also by pathogens such as Phytophthora infestans, Erwinia carotovora, and potato virus X (PVX) (C. Weiss, M. Bevan, unpublished results). Win2 protein has substantial homology to hevein, an antifungal protein from rubber trees (33) .
A transcriptional fusion between the promoter from win2 and the reporter gene GUS was found to be regulated in response to mechanical wounding in transgenic potato (32) . These transformants were used to study the role of ethylene in the regulation of transcription of win2 at the local site of wounding and in distant undamaged areas of the plant. In this report we show that in a wounded leaf a wound-stimulus is sufficient to induce the transcription of the gene fusion and that ethylene can modulate this local transcription, and in unwounded leaves ofa wounded plant both a wound stimulus (probably transported via the vascular system) and ethylene are necessary to induce the transcription of the gene systemically.
MATERIALS AND METHODS

Plant Material
Potato (Solanum tuberosum) plants var Desiree transformed with a chimeric win2-GUS fusion (32) were grown axenically on kanamycin selection on a solidified Murashige and Skoog medium (22 (27) . Six microliters of a 10 mm solution of the ethylene precursor ACC (35) or 6 ,uL of a 6 mm solution of a competitive inhibitor of ACC synthase, AVG (35) , were applied on a wounded leaf and vacuum infiltrated for 1 min immediately after wounding. An aqueous 5% solution of mercuric perchlorate trihydrate was used as an ethylene adsorbent. Approximately 80 mL of solution was poured over a layer of 3MM paper sheets and a tray containing the soaked sheets was placed in a vessel containing experimental plants.
Statistical Analysis of Data
The effect of the various treatments on GUS activity were evaluated by a one-tail t test with 8 to 14 degrees of freedom according to the experiments.
Ethylene Measurements
Gas measurements were carried out on single plants in 25 mL vessels sealed with a rubber serum cap or in 10 L vessel containing four to six plants. Ethylene was injected through a serum vial cap with a gas tight syringe into the 10 L sealed vessel or into the 25 mL head space surrounding an individual plant to reach a concentration of 10 ppm.
One milliliter of the head space of a vessel containing the plant material was withdrawn at different intervals of time or after 48 h of treatment. Ethylene concentrations were determined on a gas chromatograph equipped with a flame ionization detector and a column packed with Poropack Q (80-100 mesh). The temperature was kept at 50, 100, and 140TC for oven, injector, and detector, respectively. Identification and quantification were carried out by comparison with the retention time and peak area of standard samples. Each value represents the mean of duplicate measurements and each experiment was repeated at least three times.
RESULTS
Induction of win2-GUS Fusion Transcripts by Wounding, Elicitor Treatment, and Arachidonic Acid
An individual leaf of a plant was treated as described in "Material and Methods" and was assayed for GUS activity fluorometrically and histochemically. The time course of the specific activity of GUS in mechanically wounded leaves is shown in Figure 1A . Each value was the mean of three different measurements made on wounded leaves of three different transformants. As observed before (32), there was a delay of approximately 12 to 16 h before high levels of GUS activity were finally reached after 48 h. In all subsequent experiments analyses of the leaves were made 48 h after treatment, as Stanford et al. (32) and ourselves observed that the later phase of ageing represented a turning point in the expression of the win2-GUS fusion during which relatively large standard errors were observed.
Histochemical analyses were performed in order to localize the expression of the chimeric GUS gene in treated (or untreated) leaves. In an intact leaf no GUS activity was detected even after incubation overnight at 370C (Fig. 2a) . Forty-eight hours after wounding GUS activity was detected in cells adjacent to the wound as well as in some major and minor veins (Fig. 2b) In order to observe if a systemic induction of transcription of the GUS fusion occurred in the untreated leaves of a treated plant, an upper leaf of a wounded plant was analyzed histochemically (Fig. 2g) . GUS activity could be detected at a low level in the veins of that leaf, thus showing the systemic expression of the win2-GUS fusion. We assayed for GUS activity all the leaves of plants wounded either mechanically or by application of arachidonic acid or fungal elicitor, 48 h after treatment. The results for all three treatments are presented in Table I (Fig. 3) .
Induction of the win2-GUS Fusion Following Manipulation of Ethylene Production
The possible relationship between the synthesis of ethylene and the accumulation of GUS activity locally at the wound site and systemically in unwounded leaves was investigated in plants wounded in the presence of an inhibitor of ethylene biosynthesis, AVG, and a precursor of ethylene, ACC, which when added to a plant is expected to increase ethylene production (35) . Fluorometrical analysis indicated that ACC enhanced GUS activity approximately 2.6, 1.5, and 2.8 times more than in untreated, wounded leaves (P < 0.05, P not significant, and P < 0.05), in respectively, mechanically, arachidonic acid, and fungal elicitor treated leaves, and that GUS activity was also increased in unwounded systemic leaves (approximately 2.5 and 1.5 times, P < 0.01) compared to systemic leaves from mechanically wounded plants and to fungal elicitor treated plants, not treated with ACC (Table I, Fig. 3 ). The failure of ACC to affect the systemic response in the case of arachidonic acid treated plants is not understood at present. The addition ofACC to experimental plants caused ethylene production over that observed by wounding when ethylene was assayed in the head space surrounding the experimental plants. Figure 3 showed that the final concentration of ethylene reached in these experiments varied between 1.8 and 2.1 ,uL/L. The application of ACC to intact leaves did not induce the transcription of the gene fusion or increase ethylene production (data not shown). Therefore, increasing endogenous stress ethylene production approximately 50-fold may have led to increased GUS activity both locally and systemically in wounded plants. To investigate if these two observations were related, AVG was used to reduce the production of stress ethylene in wounded plants. Treatment of wounded plants with AVG led to a 50 to 70% reduction in ethylene synthesis (Fig. 3) . Fluorometric data (Table I) indicated a decrease in GUS activity in the mechanical treated leaf (approximately 1.9 times) but this result was not statistically significant, and there was no effect on the accumulation of GUS activity in arachidonic acid and fungal elicitor treated leaves, nor on the systemic accumulation of GUS activity in all three treatments. The application of AVG to intact plants had no effect on GUS activity (data not shown). There was a particularly large variation in the magnitude of GUS activity in response to wounding and AVG, and it was thought that was probably due to the variable and incomplete inhibition of stress ethylene by AVG treatment. As the results using ACC indicated a role of ethylene in the transcription of the win2 genes, but this was not proven by the use of AVG, we use decided to use other approaches that did not interfere with ethylene biosynthesis.
Effect of Exogenously Applied Ethylene and Inhibitors of Ethylene Action on the Expression of the win2-GUS Fusion Gene
To test the effect of exogenous ethylene on win2 transcription, wounded plants were kept in an atmosphere containing 10 tL/L ethylene for 48 h. GUS activity was increased over 40, 34, and 20 times (respectively, mechanical, arachidonic acid, and fungal elicitor treatments) compared with a wounded leaf not treated with ethylene (P < 0.005) ( Table I, Fig. 3 ). GUS activity in systemic, unwounded leaves of a wounded, ethylene-treated plant increased up to 28, 12, and 9 times (P < 0.005) compared to a similar leaf taken from a wounded plant not treated with ethylene (Table I ). In these systemic leaves transcription of the gene fusion was observed in the vascular system (Fig. 2e) Fig. 3) .
Silver thiosulphate was used as an inhibitor of ethylene action (4) in order to further examine the role of stress ethylene in the regulation of the win2-GUS gene. Altering responses to ethylene without altering endogenous ethylene levels provides complementary data to studies in which the ethylene biosynthesis pathway was altered. Plants grown on silver thiosulphate were two to three nodes shorter after 2 weeks of subculture than plants grown on an unsupplemented medium, but their leaves were bigger. Wounding of these leaves induced the accumulation of ethylene in a way similar to wounded leaves from plants grown on unsupplemented Murashige-Skoog medium (Fig. 1B) . With all three treatments, GUS activity, measured fluorometrically, was decreased in the wounded leaf (P < 0.05) and GUS activity in unwounded systemic leaves was diminished to the level found in unwounded leaves of control plants (P < 0.005) ( Table I, Fig. 3 ). Therefore, this inhibitor of ethylene action appeared to completely abolish the systemic transcription of the GUS fusion. To verify these results, mechanically wounded plants grown on unsupplemented Murashige-Skoog medium were incubated in the presence of mercuric perchlorate, which efficiently absorbs ethylene. Similar results as in the silver thiosulphate addition experiments were obtained-a weak, local response and no systemic response was observed (P < 0.01) ( Table I, Fig. 3 ). The head space of the vessel where the wounded plants were kept with the ethylene trap was analyzed after 48 h, and the level of ethylene was found to be below limits of detection (less than 0.0175 gL/L), attesting to the efficiency of the trap and confirming that the results observed with these chemicals were indeed due to the absence of ethylene and the inhibition of ethylene action. Surprisingly, when ACC was applied to mechanically wounded leaves and the plants then incubated with the ethylene trap, the local response was decreased (P < 0.05) as expected from the previous results, but the response in sys- Fig. 3 ). This finding suggested that ACC itself may play a role in the induction of the systemic accumulation of GUS activity.
DISCUSSION
In this report, a transcriptional fusion between the regulatory sequences of win2 and a reporter gene encoding GUS (32) (8) . The gene family encoding PAL is also differentially regulated in response to fungal infection and elicitor application (17) .
Expression of the win2-GUS fusion was not only found around the wounded areas of leaves (with no apparent tissue specificity of expression) but was also induced in the vascular system of unwounded leaves of treated plants. Some other defense related proteins have been shown to be associated with the vascular system. Pathogenesis-related proteins accumulate in the xylem of infected tobacco leaves (6) , while the expression of the reporter gene GUS under the control of proteinase inhibitor II promoter is predominantly localized in the phloem of transgenic plants (13) . Like other systemically induced defense genes, the win2-GUS fusion is transcribed in upper and lower unwounded leaves of treated plants in response to a putative signal that is transported basipetally and acropetally. As the phloem fulfils the requirements of basipetal, acropetal, and long distance transport, Pefia-Cortes et al. (25) have suggested that it could mediate this long distance induction. Stanford et al. (32) , when observing the localization of GUS activity from win2-GUS fusion transformants in wounded tubers, concluded that active vascular transport was necessary for the spread of the wound response. The localization of transcription of defense genes, and the accumulation of their products in the vascular system of systemic unwounded leaves, is an indication that the vascular system might be important for the transmission of an inducing signal, but other mechanisms cannot be ruled out. For example, the systemic induction of PIs by localized heat treatment has been recently correlated with long-range electrical signals (34) . Oligosaccharides were originally proposed to be signaling molecules (30) but there was a lack of evidence for transport of oligosaccharide elicitors through the plant after wounding (2), and subsequently a noncarbohydrate factor isolated from wounded tomato leaves was shown to induce PI accumulation, and this elicitor was mobile in the vascular system (1 1). This mobile signal could also be one or more of the plant growth regulators. ABA was thought to be a signal involved in the local and systemic induction of PI genes (26) . However, another study found that ABA did not influence PI promoter activity but rather ethylene and cytokinin induced the expression of the genes, and auxin inhibited the response (14) . Clearly, the regulation of proteinase inhibitor transcription by growth regulators is a complex phenomenon.
The effect of ethylene on the transcription of the win2-GUS fusion was dramatic. In a wounded leaf GUS activity was increased between 20 to 40 times over that found in a wounded leaf not treated with ethylene. In systemic unwounded leaves of ethylene-treated plants the accumulation of GUS activity was between 9 and 28 times greater than in similar leaves from plants not treated with ethylene. This GUS activity was localized primarily in the vascular system. These results indicate that ethylene is involved in regulation of the transcription of win2-GUS fusions. In nonwounded, ethylene treated plants, histochemical staining showed that ethylene induced the transcription of the GUS fusion specifically in the abscission zone and had no effect on GUS activity in other parts of the plant. A likely explanation for this observation is that ethylene can provoke abscission, leading to cell separation and cell-wall breakdown. The resulting damage to cells may then signal the induction of the win2-GUS transcription. In this case, abscission should be considered as a wound that would not be severe enough to induce a systemic accumulation of the fusion gene. Therefore, it is concluded that ethylene, in the absence of wounding and cell damage, has no effect on transcription of the win2-GUS fusion.
The results of experiments using ACC, the precursor of ethylene synthesis, indicated that endogenous ethylene affected transcription of the fusion gene, locally and systemically although AVG, an inhibitor of ethylene synthesis, did not significantly affect the local and systemic response. In addition, AVG seemed to have activity other than the inhibition ofACC synthase, perhaps by inhibiting other pyridoxalphosphate-requiring enzymes important in the defense response of the plant (35 (5) . But as no systemic response was observed when the action of ethylene was inhibited, and as accumulation of ACC upon wounding was not inhibited, these results may be artefactual, due to side effects from the large concentrations of ACC applied.
We conclude that the win2-GUS fusion is transcriptionally activated after either mechanical or biological stress at the site of wounding and systemically at a distance from that site. Ethylene was not directly involved in the local induction of gene expression, but was involved in the modulation of win2 transcription. In the systemic response a wound stimulus, probably conveyed via the vascular system, and ethylene were necessary for win2 transcription. These results define in part the different signal transduction pathways that lead to the transcriptional activation of genes involved in defense responses.
